The effectiveness of slightly reinforced thin U-shaped cementitious mortar jacketing for the repair of damaged shear-critical reinforced concrete beams is experimentally investigated. The test project includes two parts. In the first one, five concrete beams over-reinforced against flexure and under-reinforced against shear with different ratio of closed stirrups were initially subjected to monotonic loading until failure. The initially tested beams have been designed to fail in shear after wide diagonal cracking and to exhibit various strength and deformation capacities along with different levels of damages. In the second experimental part, the heavily damaged beams were jacketed with mild steel small diameter U-shaped transverse stirrups and longitudinal reinforcing bars. The retrofitted specimens using the proposed jacketing technique were tested again following the same four-point-bending load scheme. Based on the overall performance of the beams, it is deduced that the shear strength and deformation capability of the jacketed beams were substantially increased compared to the corresponding capacities of the initial beams. Further, although all beams failed in a shear abrupt manner, the retrofitted ones exhibited reduced brittleness and higher deflections at failure up to six times with respect to the initially tested specimens. The level of the initial damage influences the efficiency of the jacketing. Additional test data derived from relative shear-damaged beam specimens and retrofitted with similar thin jackets is also presented herein in order to establish the effectiveness of this repair system and to clarify the parameters affecting its structural reliability. Comparisons indicated that jacketed beams can alter the failure mode from brittle shear to ductile flexural under certain circumstances.
Introduction
A considerable amount of existing reinforced concrete (RC) buildings that were designed based on old code provisions and, in many cases, only for gravity loads can be found worldwide. These buildings have usually under-reinforced members against shear, which are vulnerable to brittle failure as their strength and deformation ability is limited [1] [2] [3] . Further, typical constructional details of transverse reinforcement in old RC buildings include low strength, small diameter, open and wide spacing stirrups or hoops with 90-degree bends. Furthermore, the first strengthening attempts in RC frame structures with long spans and increased bending moment demands were mainly focused on the enhancement of their flexural capacity [4, 5] . This way, existing stirrups are not proportioned to prevent joint specimens subjected to cyclic deformations. Some specimens have initially been strengthened by full-wrapped jackets from epoxy-bonded carbon FRP sheets in the joint area, the columns, or/and the beam critical region. Other specimens have previously been damaged by the imposed cyclic loading and repaired using epoxy resin injections and FRP jackets with different configurations. It was found that the combination of the proposed techniques significantly enhanced the capacity, the energy absorption, the ductility, and the type of the failure mode. Tsonos [23] also experimentally investigated the effectiveness of RC and FRP jacketing in external beam-column joint specimens as postearthquake and pre-earthquake retrofitting. Undamaged or shear-damaged joint specimens under initial lateral cyclic loading have successfully been strengthened or rehabilitated, respectively, using high-strength mortar jackets reinforced with meticulous reinforcement arrangements or by FRP jackets with various configurations in the joint area. Results have demonstrated the merits and the shortcomings of both jacketing techniques as strengthening or repair methods.
Nguyen-Minh and Rovnak [25] examined the shear response of original (uncracked) or precracked RC beams that have been strengthened or repaired, respectively, using U-shaped jackets made of epoxy-bonded glass or carbon FRP sheets. Test results indicated that the initial damage influenced the overall response of the jacketed beams. Although all beams, strengthened and repaired, failed in shear, the repaired ones exhibited reduced brittleness of the shear failure, tensile strains in stirrups and crack width with regard to the initially tested specimens.
Contamine et al. [29] conducted tests on RC beams that have been designed to fail in shear. Examined beams were first damaged by a four-point loading test until a specific yield strain (2.7%) of one steel stirrup and then repaired by textile reinforced concrete jackets or by carbon FRP sheets. Various jacketing configurations have been examined and although the failure mode of most of the repaired specimens has not been altered (nine of the 11 jacketed beams failed in shear, as did the initial ones), the proposed method has been successful for the retrofit of shear-damaged RC beams since all rehabilitated beams exhibited increased strength and improved overall response.
Bansal et al. [35] applied low cost U-shaped ferrocement jackets in slightly damaged flexural RC beams that have initially been loaded up to 75% of their safe load carrying capacity, corresponding to the allowable deflection span/250. The efficiency and the cost of the proposed ferrocement jackets with various wire mesh orientation have been reported. The repaired specimens exhibited improved cracking and deflection performance along with increased ductility and energy absorption.
Martinola et al. [37] studied the effectiveness of a 40 mm thick U-shaped jacket made of a high-performance fibrous mortar that has been reinforced with short steel fibers. This jacket has been applied for the strengthening of a plain concrete and an RC beam as well as for the repair of a damaged RC beam that had initially sustained flexural imposed loading until yielding of the tension longitudinal bars. In both cases, the examined jacketing provided an efficient structural enhancement of deficient and damaged RC members at the ultimate and serviceability limit states.
Murthy et al. [46] and Hou et al. [47] investigated the effectiveness of a thin layer made of ultra-high-performance cementitious composite with fibers that was applied on the tension face of flexural predamaged and corroded RC beams, respectively. Test results indicated that a rather thin jacketing was adequate to restore the flexural performance of damaged beams that have been preloaded to approximately 90% of the failure load, or steel rebar corroded without debonding.
Dubey and Kumar [51] and Achillopoulou and Karabinis [57] [58] [59] experimentally investigated the repair of RC column specimens using SCC and traditional RC jackets, respectively. SCC jackets with welded wire mesh have been applied in damaged columns that have initially been loaded up to 80-85% of the theoretical load bearing capacity. RC jackets have been applied in damaged columns due to poor consolidation as constructional damages or due to axial compression preloading that caused severe concrete cracking and spalling. Test results of these studies highlighted the efficiency of the traditional RC and the advanced SCC jackets in terms of ultimate load bearing capacity.
Thin reinforced jackets constructed with premix cement-based flowable mortar were proposed by Karayannis et al. [55] for the rehabilitation of damaged RC beam-column joints. Joint subassemblages have been constructed, tested under cyclic loading, retrofitted, and retested in the same loading sequence. The thickness of these jackets was only 20 mm and the reinforcements installed consisted of 5.5 mm mild steel bars and closed stirrups. Light and dense jacketing reinforcement configurations have been applied depending on the level of damage of the original specimens. A similar jacketing technique has also been addressed by Chalioris et al. [52] [53] [54] for the rehabilitation of shear or flexural damaged beams. These U-shaped 25 mm jackets were made of flowable small-sized high-strength SCC-reinforced aggregate with 5 mm mild steel bars and U-shaped open stirrups. Promising results have been obtained concerning the reliability, applicability, and efficiency of this retrofitted scheme since the repaired beam-column joint specimens [55] and the beams [52] [53] [54] demonstrated improved overall performance and, in many cases, ameliorated the failure mode compared to the brittle failure of the initially tested specimens.
Research Significance
The aforementioned literature review reveals that the majority of the conducted research is focused on the application of nonconventional jackets in strengthening methods of original RC structural members [17] [18] [19] 21, 22, 24, [26] [27] [28] [30] [31] [32] [33] [34] 36, [38] [39] [40] [41] [42] [43] [44] [45] [48] [49] [50] 56] . Significantly fewer studies investigate such jackets for the repair of preloaded and slightly damaged RC specimens [20, 23, 25, 29, 35, 37, 46, 47, [51] [52] [53] [54] [55] . Further, very few studies (only five from 40) examine the jacketing retrofit of heavily damaged beams failed in shear [25, 29, [52] [53] [54] . Besides, although there are some widely accepted considerations concerning the efficiency of jacketing to regain strength and to improve the overall performance, there are still several issues that require further investigation. The contribution of U-shaped and fine-reinforced mortar jackets to the shear capacity of shear-damaged beams and their ability to alter the failure mode of the jacketed structural member from shear to flexure are some examples of research gaps. Furthermore, the increased interest in the use of easy-to-apply jackets with nonconventional reinforcement and advanced materials in retrofitting applications of shear-damaged RC members and the lack of relevant experimental studies are the main motives behind this work.
In this research, the effectiveness of U-shaped jackets made of cementitious mortar and reinforced with small diameter mild steel bars and U-shaped open stirrups for the repair of shear-damaged RC beams is experimentally investigated. Five shear-critical beams with different ratios of stirrups were initially tested and heavily damaged by imposing loading that caused wide diagonal cracks, abrupt reduction of the load bearing capacity, and brittle shear failure. Then, the severely damaged specimens were retrofitted and retested with the same loading scheme.
Experimental Program of the Initially Tested Shear-Critical Beams
The first part of the conducted test project includes five RC beam specimens 1.2 m long with rectangular cross-section subjected to four-point monotonic loading. The beam characteristics are; width to height ratio b/h = 100/200 mm, effective depth d = 175 mm, shear span α = 500 mm, and shear span-to-depth ratio α/d = 2.86, as presented in Figure 1 .
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The first part of the conducted test project includes five RC beam specimens 1.2 m long with rectangular cross-section subjected to four-point monotonic loading. The beam characteristics are; width to height ratio b/h = 100/200 mm, effective depth d = 175 mm, shear span α = 500 mm, and shear span-to-depth ratio α/d = 2.86, as presented in Figure 1 . All initially tested beams have the same longitudinal reinforcement; two tension deformed steel bars of diameter 14 mm (2∅14 bottom bars) with yield tensile strength fyl = 550 MPa and two compression deformed steel bars of diameter 10 mm (2∅10 top bars). The beam with the codified name "B0" has no transverse shear reinforcement within the shear span. The other specimens have mild steel closed stirrups of diameter 5.5 mm with yield tensile strength fyv = 225 MPa spacing at 250 mm in beam "B250", 200 mm in beams "B200a" and "B200b", and 167 mm in beam "B167" (see also Figure 1 ). The geometrical and the mechanical reinforcement ratios of the tension longitudinal bars (ρl and ρl fyl/fc, respectively) and the vertical stirrups (ρv and ρv fyv/fc, respectively) of each beam are All initially tested beams have the same longitudinal reinforcement; two tension deformed steel bars of diameter 14 mm (2∅14 bottom bars) with yield tensile strength f yl = 550 MPa and two compression deformed steel bars of diameter 10 mm (2∅10 top bars). The beam with the codified name "B0" has no transverse shear reinforcement within the shear span. The other specimens have mild steel closed stirrups of diameter 5.5 mm with yield tensile strength f yv = 225 MPa spacing at 250 mm in beam "B250", 200 mm in beams "B200a" and "B200b", and 167 mm in beam "B167" (see also Figure 1 ). The geometrical and the mechanical reinforcement ratios of the tension longitudinal bars (ρ l and ρ l f yl /f c , respectively) and the vertical stirrups (ρ v and ρ v f yv /f c , respectively) of each beam are given in Table 1 . Apparently, the beams have inadequate shear reinforcement with regard to the provided bending reinforcement, and consequently, their flexural strength is higher than the shear strength. Different numbers of stirrups have been provided in the initial specimens in order for these shear-critical beams to exhibit various shear strengths and deformation capacities along with different levels of damage. The geometry and the reinforcement arrangement of the beams are also shown in Figure 1 . Table 1 . Reinforcement ratios and concrete strength of the initially tested beams.
Beam Codified
Name The mixture proportions for the concrete used in the beams were cement: sand: coarse aggregate: water = 1: 1.67: 3.05: 0.51. General purpose Portland-type cement containing 10% fly ash (Greek type CEM IV/B (V-P) 32.5 pozzolan cement), sand with a high fineness modulus, and crushed stone with maximum diameter of 16 mm was used to prepare the beams. Three standard concrete cylinders of 150 mm × 300 mm were tested by compression and three by splitting tests on test day for each beam using a universal testing machine (UTM, ELE International, Leighton Buzzard, UK) with an ultimate capacity of 3000 kN. The mean and standard deviation values (in parentheses) of the compressive, f c , and tensile splitting, f ct,split , strength of the concrete of the beams are presented in Table 1 .
Beams were subjected to monotonically increasing load up to total failure based on the test setup depicted in Figure 2 . Beams were edge-supported on roller supports using a rigid laboratory frame. The load was imposed by a 200 kN hydraulic actuator at two points at the mid-span of the beams (four-point bending scheme). The magnitude of the load was recorded by a load cell with an accuracy of 0.05 kN attached to the actuator. The load was provided monotonically at an increment of 5 kN before the onset of the diagonal concrete cracking adopting force control method, while the displacement control method was used afterwards. The average net mid-span deflections of the tested beams were recorded by four linear variable differential transducers (LVDTs, Kyowa, Tokyo, Japan) with 0.01 mm accuracy. To increase accuracy of the measured deflections, two LVDTs were placed in the mid-span of the beams and the other two in the supports. Measurements of load and corresponding deflections were read and recorded continuously during the performed tests.
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given in Table 1 . Apparently, the beams have inadequate shear reinforcement with regard to the provided bending reinforcement, and consequently, their flexural strength is higher than the shear strength. Different numbers of stirrups have been provided in the initial specimens in order for these shear-critical beams to exhibit various shear strengths and deformation capacities along with different levels of damage. The geometry and the reinforcement arrangement of the beams are also shown in Figure 1 . The mixture proportions for the concrete used in the beams were cement: sand: coarse aggregate: water = 1: 1.67: 3.05: 0.51. General purpose Portland-type cement containing 10% fly ash (Greek type CEM IV/B (V-P) 32.5 pozzolan cement), sand with a high fineness modulus, and crushed stone with maximum diameter of 16 mm was used to prepare the beams. Three standard concrete cylinders of 150 mm × 300 mm were tested by compression and three by splitting tests on test day for each beam using a universal testing machine (UTM, ELE International, Leighton Buzzard, UK) with an ultimate capacity of 3000 kN. The mean and standard deviation values (in parentheses) of the compressive, fc, and tensile splitting, fct,split, strength of the concrete of the beams are presented in Table 1 . Beams were subjected to monotonically increasing load up to total failure based on the test setup depicted in Figure 2 . Beams were edge-supported on roller supports using a rigid laboratory frame. The load was imposed by a 200 kN hydraulic actuator at two points at the mid-span of the beams (four-point bending scheme). The magnitude of the load was recorded by a load cell with an accuracy of 0.05 kN attached to the actuator. The load was provided monotonically at an increment of 5 kN before the onset of the diagonal concrete cracking adopting force control method, while the displacement control method was used afterwards. The average net mid-span deflections of the tested beams were recorded by four linear variable differential transducers (LVDTs, Kyowa, Tokyo, Japan) with 0.01 mm accuracy. To increase accuracy of the measured deflections, two LVDTs were placed in the mid-span of the beams and the other two in the supports. Measurements of load and corresponding deflections were read and recorded continuously during the performed tests. The behavior of the initially tested beams in terms of applied load versus mid-span deflection and the cracking patterns at failure are shown in Figure 3 . The experimental curves of these beams indicate that the increase of the provided stirrups causes an obvious improvement of the shear strength and response, as was expected. All beams exhibited brittle shear failure according to their design purpose, and typical critical diagonal cracking formed on the left or on the right span of the beams.
The behavior of the initially tested beams in terms of applied load versus mid-span deflection and the cracking patterns at failure are shown in Figure 3 . The experimental curves of these beams indicate that the increase of the provided stirrups causes an obvious improvement of the shear strength and response, as was expected. All beams exhibited brittle shear failure according to their (a) (b) 
Experimental Testing of the Retrofitted Beams
The second part of the project includes the repair and the retesting procedure of the five heavily damaged beams due to the initial loading. The applied retrofitting technique of the initially shear-damaged RC beams with U-shaped jackets aims to recover the original shear capacity and to improve the overall performance. Small-diameter (5.5 mm) mild steel reinforcement in a thin shell (25 mm thick) of a general-purpose cement-based mortar (SikaGrout-212) (Sika Hellas ABEE, Kryoneri, Greece) is the basic feature of the repair technique. Jacket reinforcement has been installed on the surface of the existing RC beam with only a few dowels that were used mainly to enhance connectivity and subsidiary to force transfer at the interface between the existing concrete and the cementitious grout. The latter has been achieved by proper surface preparation prior to the reinforcement installation and the jacketing construction in order to increase the bond characteristics of the existing concrete and the new mortar. It is noted that jacket thickness serves mostly to cover the added fine reinforcement (∅5 
The second part of the project includes the repair and the retesting procedure of the five heavily damaged beams due to the initial loading. The applied retrofitting technique of the initially shear-damaged RC beams with U-shaped jackets aims to recover the original shear capacity and to improve the overall performance. Small-diameter (5.5 mm) mild steel reinforcement in a thin shell (25 mm thick) of a general-purpose cement-based mortar (SikaGrout-212) (Sika Hellas ABEE, Kryoneri, Greece) is the basic feature of the repair technique. Jacket reinforcement has been installed on the surface of the existing RC beam with only a few dowels that were used mainly to enhance connectivity and subsidiary to force transfer at the interface between the existing concrete and the cementitious grout. The latter has been achieved by proper surface preparation prior to the reinforcement installation and the jacketing construction in order to increase the bond characteristics of the existing concrete and the new mortar. It is noted that jacket thickness serves mostly to cover the added fine reinforcement . Further, jacketing includes extra U-shaped transverse reinforcement at spacing that varies; 50 mm in the beam with the codified name "B0-J", 75 mm in beam "B250-J", 85 mm in beams "B200a-J" and "B200b-J", and 100 mm in beam "B167-J" (Figure 4 ).
Buildings 2019, 9, 146 7 of 18 ∅5.5 dowels that were epoxy-bonded into holes in the vertical sides of the beams, as shown in Figures 5 and 6 . Further, jacketing includes extra U-shaped transverse reinforcement at spacing that varies; 50 mm in the beam with the codified name "B0-J", 75 mm in beam "B250-J", 85 mm in beams "B200a-J" and "B200b-J", and 100 mm in beam "B167-J" (Figure 4 ). The mechanical reinforcement ratios of the provided tension bars, ρl fyl/fc, and stirrups, ρv fyv/fc, of each jacketed beam are given in Table 2 . Table 2 also presents the mechanical reinforcement ratios of the initial beam and the jacket that have been calculated with regard to the increased (gross) cross-section with width bj = 150 mm and effective depth dj = 203 mm. The value of the total mechanical reinforcement ratio is the sum of these reinforcements. The amount of additional shear reinforcement of the jackets in the form of U-shaped open stirrups varies and it has been designed so that all retrofitted beams have the same mechanical reinforcement ratio. This way, the mechanical reinforcement ratio of the total vertical reinforcement of the jacketed specimens equals to ρv fvy/fc = 0.041. An exception to this rule is the case of beam B0-J, where this ratio is higher (ρv fvy/fc = 0.050) because the initial beam B0 had no stirrups and suffered severe damage. 25 25 25 200 203 25 25 25 200 203 25 25 25 200 203 25 25 25 The mechanical reinforcement ratios of the provided tension bars, ρ l f yl /f c , and stirrups, ρ v f yv /f c , of each jacketed beam are given in Table 2 . Table 2 also presents the mechanical reinforcement ratios of the initial beam and the jacket that have been calculated with regard to the increased (gross) cross-section with width b j = 150 mm and effective depth d j = 203 mm. The value of the total mechanical reinforcement ratio is the sum of these reinforcements. The amount of additional shear reinforcement of the jackets in the form of U-shaped open stirrups varies and it has been designed so that all retrofitted beams have the same mechanical reinforcement ratio. This way, the mechanical reinforcement ratio of the total vertical reinforcement of the jacketed specimens equals to ρ v f vy /f c = 0.041. An exception to this rule is the case of beam B0-J, where this ratio is higher (ρ v f vy /f c = 0.050) because the initial beam B0 had no stirrups and suffered severe damage. The repair procedure of the heavily damaged beams that have failed in shear during the initial testing and sustained severe diagonal cracking included the following steps:
1.
Surface preparation: (a) Removal of the damaged concrete fragments using a chisel and hammer; (b) cleaning and roughening the concrete surface using a grinder and a small electric concrete breaker, respectively; and (c) abrasive sandblasting to remove debris, dislodge unsound concrete parts, and impart a clean, adequately rough and profiled surface. Thus, the final substrate concrete was not too smooth, too rough, nor too irregular, as shown in Figure 6 The repair procedure of the heavily damaged beams that have failed in shear during the initial testing and sustained severe diagonal cracking included the following steps:
1. Surface preparation: (a) Removal of the damaged concrete fragments using a chisel and hammer; (b) cleaning and roughening the concrete surface using a grinder and a small electric concrete breaker, respectively; and (c) abrasive sandblasting to remove debris, dislodge unsound concrete parts, and impart a clean, adequately rough and profiled surface. Thus, the final substrate concrete was not too smooth, too rough, nor too irregular, as shown in Figure 6 As depicted in Figure 5 , the clear cover of the steel reinforcement (U-shaped stirrups and dowels) in the proposed thin jacket is rather narrow (14 mm), causing potential durability and steel corrosion issues. According to the provisions of EC2 [60] , the minimum cover requirements with regard to durability is 10 mm for structural class S4 (recommended structural class for design working life of 50 years) and exposure class X0 (concrete inside buildings with very low air humidity) or 15 mm for structural class S4 and exposure class XC1 (light hazard of corrosion As depicted in Figure 5 , the clear cover of the steel reinforcement (U-shaped stirrups and dowels) in the proposed thin jacket is rather narrow (14 mm), causing potential durability and steel corrosion issues. According to the provisions of EC2 [60] , the minimum cover requirements with regard to durability is 10 mm for structural class S4 (recommended structural class for design working life of 50 years) and exposure class X0 (concrete inside buildings with very low air humidity) or 15 mm for structural class S4 and exposure class XC1 (light hazard of corrosion As depicted in Figure 5 , the clear cover of the steel reinforcement (U-shaped stirrups and dowels) in the proposed thin jacket is rather narrow (14 mm), causing potential durability and steel corrosion issues. According to the provisions of EC2 [60] , the minimum cover requirements with regard to durability is 10 mm for structural class S4 (recommended structural class for design working life of 50 years) and exposure class X0 (concrete inside buildings with very low air humidity) or 15 mm for structural class S4 and exposure class XC1 (light hazard of corrosion induced by carbonation), without taking into account any additional protection, such as coating, that could further reduce the minimum cover required (10 mm is the lower limit). Further, the jacketing mortar is a cement-based flowable grout with advanced properties such as high strength, excellent freeze/thaw, oil and water resistance, containing no chloride, and shrinkage compensated. Thus, durability and corrosion effects are rather limited in nonaggressive environmental conditions. However, each repair or strengthening technique has its advantages and drawbacks. Thus, although the applied cementitious mortar jacket is less sensitive to fire hazards, high temperature, and freeze-thaw effects, it has obviously lower corrosion resistance compared to FRP composite jackets [22, 24] .
The jacketed beams were subjected to monotonically increasing load up to total failure using the same four-point bending scheme of the initially tested beams. The behavior of the jacketed beams in terms of applied load versus mid-span deflection and the cracking patterns at failure are depicted in Figure 8 .
Buildings 2019, 9, 146 10 of 18 induced by carbonation), without taking into account any additional protection, such as coating, that could further reduce the minimum cover required (10 mm is the lower limit). Further, the jacketing mortar is a cement-based flowable grout with advanced properties such as high strength, excellent freeze/thaw, oil and water resistance, containing no chloride, and shrinkage compensated. Thus, durability and corrosion effects are rather limited in nonaggressive environmental conditions. However, each repair or strengthening technique has its advantages and drawbacks. Thus, although the applied cementitious mortar jacket is less sensitive to fire hazards, high temperature, and freezethaw effects, it has obviously lower corrosion resistance compared to FRP composite jackets [22, 24] . The jacketed beams were subjected to monotonically increasing load up to total failure using the same four-point bending scheme of the initially tested beams. The behavior of the jacketed beams in terms of applied load versus mid-span deflection and the cracking patterns at failure are depicted in Figure 8 . Test results indicate that the damage level of the initially tested beams influences the shear capacity of the repaired beams with U-shaped jackets since the experimentally obtained ultimate applied load of these beams is not in full compliance with the amount of reinforcement provided. Although the geometrical characteristics and the mechanical reinforcement ratios of the jacketed beams are more or less the same (with an exception for the transverse reinforcement of the jacketed beam B0-J, as shown in Table 2 ), the ultimate shear strength values vary. Especially, beam B0-J with the highest number of stirrups (ρv fvy/fc = 0.050) exhibited the lowest shear capacity in terms of ultimate applied load (Pu = 103.5 kN). Beams B250-J and B200a-J attained higher shear strength (Pu = 130.0 and 131.7 kN, respectively) than specimen B0-J, whereas the shear capacity of beams B200b-J and B167-J was the highest (Pu = 147.7 and 148.7 kN, respectively), although in these four jacketed Test results indicate that the damage level of the initially tested beams influences the shear capacity of the repaired beams with U-shaped jackets since the experimentally obtained ultimate applied load of these beams is not in full compliance with the amount of reinforcement provided. Although the geometrical characteristics and the mechanical reinforcement ratios of the jacketed beams are more or less the same (with an exception for the transverse reinforcement of the jacketed beam B0-J, as shown in Table 2 ), the ultimate shear strength values vary. Especially, beam B0-J with the highest number of stirrups (ρ v f vy /f c = 0.050) exhibited the lowest shear capacity in terms of ultimate applied load (P u = 103.5 kN). Beams B250-J and B200a-J attained higher shear strength (P u = 130.0 and 131.7 kN, respectively) than specimen B0-J, whereas the shear capacity of beams B200b-J and B167-J was the highest (P u = 147.7 and 148.7 kN, respectively), although in these four jacketed beams, the mechanical ratio of the shear reinforcement was kept the same and was equal to ρ v f vy /f c = 0.041.
Concerning the overall behavior of the retrofitted beams, they seem to have an initial stiff response, practically an "elastic" branch up to a load of approximately 25 kN, until the first flexural cracking appears from the bottom surface at the mid-span of the beams. Subsequently, as the imposed loading increased, the developed cracks spread out and diagonal cracking gradually formed near the supports crossed by the U-shaped stirrups (onset of the shear cracking at load approximately 90 kN). Further increase of the applied load causes an increase of the number, the length, and the width of the inclined cracks. Usually, the initial diagonal crack becomes wider than the subsequent inclined cracks and eventually this crack developed as the critical. Consequently, all retrofitted beams failed in shear. Spalling of cover of the jacketing cementitious mortar was also observed close to the bottom ends of the inclined cracks, due to local decrease of the compression zone depths at those sections resulting from the existence of the shear cracks. Debonding failure between the core concrete of the initial beam and the mortar of the jacket has not been observed before the development of the critical diagonal cracking and the ultimate capacity of the retrofitted beams. This fact indicates that the interface treatment applied and described previously in the repair procedure proved to be efficient since adequate bond strength has been achieved. The importance and the influence of proper surface preparation and installation of the jacketing reinforcement on the strength of the jacketed RC beam have long been recognized [61, 62] .
Comparisons and Discussion of Test Results
The experimental curves of average shear stress versus mid-span deflection of the initially tested beams are compared with the curves of the corresponding retrofitted and retested beams in Figure 9 . From these comparisons, it is obvious that the applied jacketing technique successfully rehabilitates the heavily shear-damaged beams since the shear strength has been fully regained and the overall performance has been improved significantly.
To enable a better understanding of the effectiveness of the applied jacketing technique, Table 3 presents and compares the test results of all examined beams. The following experimental results are included in Table 3 :
•
Applied load, P FLC , and corresponding average shear stress, v FLC , for the formation of the first flexural crack.
Applied load, P ODC , and corresponding average shear stress, v ODC , at the onset of diagonal cracking (formation of the first shear inclined crack).
Ultimate applied load, P u , and corresponding ultimate average shear stress, v u (shear strength).
Based on the values of v u , the percentage increase of the shear strength attained in the jacketed beams with respect to the shear strength of the corresponding initially tested beams is also presented in Table 3 as "Shear strength increase". • Maximum acceptable deflection of the beam, δ 85%Pu , that corresponds to average shear stress versus deflection point of 85% of the ultimate shear strength that is assumed as the end of the reliable post-peak response range.
Based on the values of δ 85%Pu , the ratio of the increased maximum acceptable deflection attained in the jacketed beams to the maximum acceptable deflection of the corresponding initially tested beams is also presented in Table 3 as "Deflection increase ratio".
From the comparisons of the ultimate shear stress values presented in Table 3 , it is deduced that all jacketed beams exhibited a noticeable increase of the shear capacity from 38 to 48% with regard to the initial beams. However, it has to be noted that the increase of the shear reinforcement ratio in the jacketed beams with respect to the initially tested beams with stirrups is rather high; from 0.014-0.023 in the initial beams up to 0.041 in the jacketed ones (in terms of ρ v f vy /f c ). Thus, although the shear reinforcement ratio has been increased by 1.8 to 2.9 times, the corresponding increase of the shear capacity ranges only from 1.4 to 1.5 times. This is mainly attributed to the level of damage that occurred in the initially tested beams and the U-shaped open stirrups in the jackets compared to the closed stirrups provided in the initial beams.
Buildings 2019, 9, 146 12 of 18 Figure 9 . Comparison of the experimental behavior of the examined beams (initially tested and jacketed beams) in terms of average shear stress versus mid-span deflection. Another important parameter that demonstrates the enhanced overall performance of the jacketed beams is the increase of the deformation capability, which ranges from four to six times in most of the examined cases. An exception is noticed in jacketed beam B167-J due to the already high deformation capability of the initial beam, B167. Further, jacketed beams demonstrated higher Another important parameter that demonstrates the enhanced overall performance of the jacketed beams is the increase of the deformation capability, which ranges from four to six times in most of the examined cases. An exception is noticed in jacketed beam B167-J due to the already high deformation capability of the initial beam, B167. Further, jacketed beams demonstrated higher deflections and reduced brittleness of the shear failure with respect to the deflections and failure mode of the initial ones.
Comparisons with Test Data from the Literature
There are limited experimental studies available in the literature investigating the effectiveness of U-shaped cement-based fine-reinforced jackets for the repair of shear-damaged RC beams. Test data derived from the study of Chalioris et al. [52] are presented in Table 4 and compared with the experimental results of this study. Table 4 presents the main geometrical, mechanical, and reinforcement characteristics of the collected beams (initially tested specimens and jacketed ones) along with the test results and the observed final failure modes. Test results include the values of the applied load P FLC (for the formation of the first flexural crack), P ODC , (onset of the diagonal cracking) P u (ultimate load), and the ratio of the increased strength attained in the jacketed beams to the strength of the corresponding initially tested beams. Additionally, Table 4 presents the values of δ 85%Pu (maximum acceptable deflection of the beam that corresponds to the applied load versus deflection point of the 85% of the ultimate strength that is assumed as the end of the reliable post-peak response range) and the ratio of the increased maximum acceptable deflection attained in the jacketed beams to the maximum acceptable deflection of the corresponding initial ones. The differences between the experimental program of the present research and the study of Chalioris et al. [52] are focused on the jacketing material, the geometrical characteristics of the specimens, the mechanical reinforcement ratios, and the observed failure modes of the jacketed beams. In this study, a flowable cement-based mortar has been used, the retrofitted specimens have approximately the same mechanical reinforcement ratios, and all beams failed in shear, as presented in Table 4 . In the previous study [52] , the jackets were made of SCC, the reinforcement ratios varied, and several retrofitted beams exhibited flexural response. In both studies, the initially tested beams are shear-critical and have been severely damaged, while thin (25 mm thick) U-shaped, and mild steel fine-reinforced jackets have been applied.
From these values it is deduced that the jacketed beams exhibited increased load bearing and deflection capacities compared to the corresponding initially loaded beams, confirming most of the known aspects. Since the strength and the deformation ability of the beams have been adequately restored, the applied jacketing can be characterized as a successful repair technique.
Further, an important advantage of this retrofitting method is that in several cases, the jacketed beams showed remarkable modification of the failure mode, from brittle shear in the initial test to ductile flexural. It is noted that in these cases, the increase of the load capacity is rather limited (from 1.3 to 1.5 times) since the tension reinforcing bars yielded. However, the increase of the deflection and ductility capacity is substantial. The potential modification of the failure mode mainly depends on the span-to-depth ratio and on the mechanical ratios of the total tension longitudinal and of the total shear reinforcement. More tests would provide additional data concerning the optimum number of U-shaped stirrups required in a specific shear-critical beam in order for the applied jacket to be capable of altering the failure mode to a more favorable ductile one.
Nevertheless, based on the experimental results of the present study, it is stressed that although the failure mode of the jacketed beams remained brittle shear as in the initially tested beams, the increase of the strength is noteworthy, ranging from 2.4 to 3.0 times. Furthermore, these tests indicated that RC beams with longitudinal reinforcement ratio higher than ρ l f ly /f c ≥ 0.015-0.020 and ratio of shear reinforcement close to ρ v f vy /f c = 0.040 tend to fail in shear.
Concluding Remarks
The experimental program presented and discussed herein includes five shear-critical beams with various ratios of stirrups tested under monotonic loading until failure in order to exhibit a different level of damage. Initially tested specimens suffered wide and severe diagonal cracks and failed in a brittle manner. The heavily damaged beams were then retrofitted by U-shaped jackets made of cementitious mortar and reinforced with small-diameter mild steel bars and U-shaped open stirrups. Only a few studies reported in the literature investigate this type of jacketing for the repair of preloaded and severely damaged shear-critical RC beams.
Based on the overall performance of the initial and jacketed beams, it can be deduced that the shear strength, in terms of average shear stress and the deformation capability of the retrofitted beams, was substantially increased compared to the corresponding capacities of the initial beams. The increase of the shear stress ranged from 38 to 48%. Although the retrofitted beams also failed in shear, they exhibited higher deflections and reduced brittleness at failure. Deformation at failure of the jacketed beams increased by up to six times with respect to the initial beams. Further, the level of the initial damage that occurred in the beams during the first load influences the effectiveness of the proposed jacketing technique; although the retrofitted specimens had the same mechanical reinforcement ratio, their ultimate load bearing capacity varied.
The experimental results of this study are also compared with the test data derived from a related study in order to establish the effectiveness of this repair system and clarify the parameters affecting its structural reliability. Although the number of examined specimens was rather limited for deriving sound conclusions, it was found that the retrofitted beams can have an altered failure mode from brittle shear to ductile flexural under certain circumstances. This is an important advantage of the applied jacketing technique.
The potential improvement of the failure mode mainly depends on the span-to-depth ratio and the mechanical ratios of the tension bars and stirrups. However, more tests are required to determine specific design criteria of the optimum reinforcement of the jacket that would be applied in a shear-damaged beam in order to achieve a favorable ductile failure. Nevertheless, test results of this study indicated that RC beams with tension longitudinal bar ratio higher than ρ l f ly /f c ≥ 0.015-0.020 and ratio of transverse reinforcement close to ρ v f vy /f c = 0.040 tend to fail in shear.
The applied U-shaped jacketing can be characterized as a successful repair technique since the strength and the deformation ability of the beams were adequately restored. Further, this retrofitting system provides improved performance efficiency with regard to the traditional thick RC jackets and combines some important advantages of FRP jacketing techniques, such as layer thinness, ease of application, and protection provided by mortar, along with the reliability and ductility of the steel reinforcement.
